Background. Two doses of measles vaccine (MV) might reduce the nonmeasles mortality rate more than 1 dose of MV does. The effect of 2 versus 1 dose on morbidity has not been examined. Within a randomized trial of the effect of 2 doses versus 1 dose of MV on mortality in Guinea-Bissau, we investigated the effect on hospital admissions.
In the 1970s, the World Health Organization (WHO) recommended 1 dose of measles vaccine (MV) at 9 months of age as part of the child immunization program in low-income countries [1] . The aim was to protect children against measles infection as early as possible and, at the same time, minimize interference from maternal antibodies. The WHO now recommends a second dose later in life to strengthen immunity against measles. In countries with a national MV coverage below 80%, a first dose is given to children at 9 months of age through the routine vaccination program, and a second dose is given through supplementary vaccination campaigns [2] .
The makers of these policies have not considered that MV might have beneficial effects on overall child survival [3] [4] [5] .
Vaccine effects are thought to be entirely disease specific; vaccines protect against a specific pathogen but do not otherwise affect the immune system. Nonetheless, more and more studies are documenting that childhood vaccines can affect general mortality and morbidity rates [4, 6] ; vaccines seem to alter the susceptibility to other pathogens as well as the targeted ones. These effects have been coined heterologous or nonspecific effects (NSEs) [3] . The WHO recently reviewed the evidence for NSEs, and concluded that additional research is warranted [7, 8] .
On the basis of many observational studies and natural experiments, MV seems to confer beneficial NSEs, which might be stronger the earlier the vaccine is given. To test the effect of an early dose of MV on child mortality rates, we conducted a large-scale randomized trial from 2003 to 2009 by randomly allocating children to receive MV at 4.5 and 9 months or the currently recommended single dose of MV at 9 months of age. In the per-protocol analysis, 2 doses of MV were associated with a mortality hazard ratio (HR) of 0.70 (95% confidence interval [CI] , 0.52-0.94) for children between 4.5 and 36 months of age; this effect was stronger for girls. Between 9 and 36 months of age, the HR was 0.71 (95% CI, 0.50-1.01) for children who had received 2 doses versus those who had received 1 dose of MV [4] . A large proportion of the participating children had previously taken part in a trial of neonatal vitamin A supplementation (NVAS) [9] [10] [11] . The reduction in mortality rate was found only for children who had not received NVAS (HR, 0.50 [95% CI, 0.32-0.78] for children between 4.5 and 36 months of age and 0.56 [95% CI, 0.34-0.93] for those between 9 and 36 months of age) [4] .
A secondary outcome was the all-cause hospital admission rate. We found that early MV compared with no early MV reduced the all-cause hospital admission rate in children between 4.5 and 9 months of age (HR, 0. [6] .
In the present study, we used the trial data to investigate whether 2 doses of MV with or without NVAS compared with the currently recommended 1 dose of MV at 9 months of age had an effect on hospital admissions of children between 9 and 18 months of age. Because we previously observed that the effect of MV varies according to sex, NVAS, and season, we also conducted prespecified analyses stratified according to these factors [4, 6] .
METHODS

Setting and Study Population
The trial was conducted in the Bandim Health Project's (BHP) study area, which covers roughly 100 000 inhabitants, approximately 30% of the population in Bissau, the capital of GuineaBissau [12] . Since 1978, the BHP has maintained a health and demographic surveillance system through which all houses are visited every month to register new pregnancies and births. All newborns are assigned a unique identification number to facilitate follow-up. Children younger than 3 years are visited at home every third month so that information about breastfeeding, hospital admissions in the previous 3 months, vaccinations, residence, and vital status can be collected. Bissau experienced a measles epidemic between May 2003 and May 2004 [13] , but no cases of measles were reported in 2005 and 2006 [14] .
The 2-Dose MV Trial
The trial has been described in detail elsewhere [4] . The trial was conducted in 2003-2009 and aimed to assess the effect of different MV schedules and vaccine strains on the overall mortality rate of children between 4.5 and 36 months of age. The sample size was based on the hypothesis that an additional early MV dose would reduce the mortality rate in children between 4.5 and 36 months of age by 25%; we hypothesized a priori that the beneficial effect would be strongest for girls and for children enrolled in the dry season (December to May). Children were eligible for enrollment in the study at 4.5 months of age, 4 weeks after having received their third diphtheria-tetanus-pertussis (DTP) vaccine. Identified through the BHP routine registration system, eligible children and their mothers/guardians were invited to the local health center. At the health center, children underwent an examination by a medical doctor, and the mothers/ guardians received a verbal and written explanation of the study. For sick children judged to be in need of hospital admission, enrollment was deferred until the child had recovered. Once consent was provided, each child were assigned randomly to 1 of 3 groups for different MV strains and numbers of MV doses, that is, 2 doses of standard-dose Edmonston-Zagreb (EZ) MV at 4.5 and 9 months of age (group A), standard-dose EZ MV at 9 months of age (group B), or standard-dose Schwarz (SW) MV at 9 months of age (group C). Children in groups B and C were assigned randomly to receive a booster dose of the same strain of MV at 18 months of age. All children were invited back to the health center at the age of 9 months to receive a MV.
In our analysis, we included children who had received the 9-month MV from the study team. We followed up the children until 18 months of age and compared recipients of 2 doses of MV at 4.5 and 9 months of age with recipients of 1 dose of MV at 9 months of age.
The NVAS trials enrolled newborns between 2002 and 2008. Two trials were conducted among children with normal birth weight (≥2500 g) and randomly assigned them to receive vitamin A (50 000 [9] or 25 000/50 000 IU [11] ) or placebo at the time of Bacillus Calmette-Guérin (BCG) vaccination. A third trial randomly assigned low-birth-weight infants (<2500 g) to receive NVAS (25 000 IU) or placebo and to receive early BCG vaccine or the normal delayed BCG vaccine in a 2-by-2 factorial design [10] .
Information on Hospital Admissions
The BHP maintains a registration system at the National Hospital Simão Mendes (NHSM). Registration includes identification number, name, date of birth, and vaccination status for all children admitted to the pediatric ward. We used the identification number to link the hospital and trial data to identify the trial participants who had been admitted between 9 and 18 months of age. We cross-checked the hospital data against the data from the 3-monthly routine visits to identify mothers of trial participants who had reported a hospital admission at one of the 3-monthly routine home visits if any part of the reporting period was in the age span 9-18 months. If the mother reported an admission that was not already identified in the hospital data, we performed a manual search of the hospital data using the child's name, mother's name, address, date of birth, and identification numbers from other trials. We identified 311 admissions of children to the NHSM between 9 and 18 months of age. In addition, mother/caretakers reported 206 admissions that could not be identified in the records from NHSM and 47 admissions that were identified but not included in the analyses because the children were outside the age span of interest. The rate of unidentified admissions did not differ according to group (76 in the 2-dose group, 130 in the 1-dose group; P = .27). These admissions might have occurred at 1 of the minor hospitals in Bissau or might have been reported because the mother/ caretaker interpreted treatment in an outpatient service as an admission [6] . Also, there might have been recall bias. Finally, because routine visits are organized according to place of residence rather than age of the child, some maternally reported admissions occurred before 9 months or after 18 months of age. Because the nature and the timing of the unidentified admissions were uncertain, we included in our analysis only admissions identified at the NHSM.
After identifying admission records of trial participants in the NHSM database, we used information regarding diagnosis, date of admission, and date of discharge for additional analyses. For any child who had received more than 1 diagnosis, the primary diagnosis was used. The exception to this was cases in which the primary diagnosis was an underlying disease (malnutrition or heart malformation) or unspecified fever; 6 admissions were classified according to the secondary diagnosis. The availability of paraclinic diagnostic tools are limited at the NHSM. The 3 most commonly used diagnostic categories were respiratory infection, malaria/anemia, and diarrhea/dysentery.
Statistical Analyses
We compared the distribution of background variables obtained at the 9-month health center visit using t tests for continuous normally distributed variables, the rank-sum test for nonnormally distributed variables, and the χ 2 test for categorical variables.
The hospital admission rates of children did not differ between those who received 1 of the 2 different vaccine strains in the 1-dose groups (B and C) (7.6 per 100 person-years for EZ strain recipients and 8.9 per 100 person-years for SW strain recipients) (HR, 0.85 [95% CI, 0.65-1.11]). As in the previous analyses [4] , these 2 groups were combined.
We compared the admission rates of children who received 2 doses and those who received 1 dose of MV in a Cox proportional hazards model with age as the underlying time scale and allowing for repeated events. Children were at risk of hospitalization from the date they received the 9-month MV from the study team until hospital admission, death, migration, or 18 months of age, whichever came first. Children who moved out of the area were censored on the date of migration. Data were analyzed overall and according to disease category.
Many of the children enrolled in the MV trial were also enrolled in a randomized controlled trial of NVAS in which they were randomly assigned to receive NVAS or placebo [9] [10] [11] .
Because NVAS interacted with vaccinations and neutralized the beneficial effect of an early MV on mortality rates [4, 15] , we stratified the analyses for NVAS status and report results for recipients and nonrecipients of NVAS separately.
We had hypothesized that the effect of MV on mortality rates would be stronger for girls than for boys [4, 6] and for children who receive MV in the dry season [6] . Hence, we examined whether sex and season modified the effect of MV. In an explorative analysis, we investigated the effects of 2 versus 1 dose in the period after a measles epidemic.
Of the 6648 children enrolled in the trial, 231 were excluded because of measles infection before enrollment or errors in timing of enrollment, which left 6417 children for the main analysis [4, 6] . All analyses were conducted using Stata 13.
Ethical Approval
The protocol for the 2-dose trial was approved by the Guinean Ministry of Health's Research Coordination Committee, the Gambian/MRC scientific and ethics committees, and the Danish Central Ethical Committee. This trial was registered at ClinicalTrials.gov under identifier NCT00168558.
RESULTS
Participant Flow
Of the 6471 children enrolled at 4.5 months of age between August 2003 and April 2007 and included in the main analysis [4, 6] , 5907 (92%) were seen and vaccinated against measles by the BHP at a health center at 9 months of age or had received MV elsewhere (1979 [93%] in the 2-dose group and 3928 [92%] in the 1-dose control group) (Figure 1 ). More children in the control group had received the MV elsewhere before 9 months of age [4] . The following analyses were restricted to the 5626 children who had followed the protocol and received the 9-month MV administered by the BHP (Table 1) . No statistically significant differences existed between the 2 randomly assigned groups with regard to background factors except for a slight difference in age; the median age at the 9-month vaccination was 274 days in the 2-dose group and 273 days in the 1-dose group (P = .01) ( Table 1) . Forty-nine percent (2734 of 5626) of the children had received NVAS.
Main Results
We identified 311 hospital admissions at HNSM, which resulted in an overall hospital admission rate of 7.8 per 100 person-years. The effect of 2 doses of MV differed significantly between nonrecipients and recipients of NVAS (P = .02 for interaction) ( Table 2 ). Among children in the 2-dose MV group who had not received NVAS, we found a 34% reduction in the hospital admission rate (HR, 0.66 [95% CI, 0.47-0.93]). In contrast, there was no effect for those who had received NVAS (HR, 1.16 [95% CI, 0.82-1.63]). The patterns were similar for boys and girls ( Table 2 ). The 311 admissions occurred among 289 children. After we censored the follow-up period after the first admission, the HRs were 0.58 (95% CI, 0.37-0.93) among the children who had not received NVAS and 1.09 (95% CI, 0.69-1.71) among those who had received NVAS (P = .06 for interaction between NVAS and 2 doses of MV).
Only 2 admissions that resulted from measles infection were found; hence, censoring measles admissions had no effect on the estimates for 2 versus 1 dose of MV ( Table 2) . One of the children admitted with measles had received the 9-month vaccination 3 days before admission, so the admission is unlikely to represent vaccine failure; instead, the child had been vaccinated in the incubation period. When the analysis was limited to children who had received the 9-month vaccination after Table 1 ). Season of the 9-month vaccination might also have had an effect; among children who had not received NVAS and received the 9-month MV in the rainy season, 2 doses of MV, compared with 1 dose, was associated with an HR of 0.53 (95% CI, 0.32-0.85). For the corresponding children who received their 9-month MV in the dry season, 2 doses of MV were associated with an HR of 0.85 (95% CI, 0.53-1.37) (P = .17 for interaction with season of the 9-month vaccination) (Supplementary Table 2 ). However, season of enrollment and season of the 9-month vaccination were highly correlated; 76% of the children enrolled in the dry season received their 9-month MV in the rainy season.
Causes of Hospital Admissions
The 2 groups did not differ with regard to length of hospital stay; the median time was 7 days in both groups (data not shown). The 3 main disease categories of hospital admissions were malaria/anemia (49%), respiratory infection (33%), and diarrhea/dysentery (14%). These 3 causes of admission accounted for 96% of all hospital admissions; therefore, we stratified our analyses according to these 3 causes of hospital admission. Among the children who did not receive NVAS, 2 doses of MV tended to reduce the hospital admission rates related to each of the 3 categories of diseases (Table 3) .
Thirty admissions had a fatal outcome. When we censored admissions with a fatal outcome, the 2-dose MV policy tended to result in a reduction of the nonfatal admission rate (HR, 0.74 [95% CI, 0.52-1.05]) among children who had not received NVAS but not among the children who had received NVAS (HR, 1.18 [95% CI, 0.82-1.70]) (P = .07 for interaction with NVAS status).
DISCUSSION
As in our previous analyses of mortality rates and hospital admissions before 9 months of age [4, 6] , 2 doses of MV had a significant beneficial effect among children who had not received NVAS, whereas there was no effect among NVAS recipients. Hence, priming at birth with NVAS continued to have an effect on how the children responded to interventions after 9 months of age. The benefit of 2 doses of MV was not explained by better protection against measles infection.
Study Strengths and Weaknesses
A major strength of this study is its randomized design and the large number of participants included. Because the randomization took place at 4.5 months of age, a risk that the 2 groups were no longer comparable at 9 months of age existed; more children in the control group died. More children were vaccinated by others than the study team. However, we found no differences in background factors between the groups at 9 months of age; the 2 groups were essentially comparable at the beginning of follow-up. The only factor that differed significantly was the age at the 9-month visit, but the difference was small, and because age was an underlying time scale in our analyses, we adjusted for it; thus, bias should not have been introduced. Because of the higher mortality rate in the control group before 9 months of age [4] , the group might have been left with fewer frail children with a higher admission risk. However, this attrition would tend to mask any benefit of the intervention and thus does not explain the observed benefit among children who had not received NVAS.
The study was not blinded with respect to the number of MVs the children had received. The staff at the pediatric ward could have looked at the children's vaccination card to determine vaccination status. However, standard procedures at thepediatric department does not involve checking a vaccination card and it is unlikely that the medical staff made decisions on admission that depended on an extra dose of early MV if they inspected the vaccination card. If the staff had reacted differently depending on vaccination status, we would have expected to find the same trends among those who had received NVAS and those who had not, because randomization to NVAS or placebo group was blinded. Because this was not the case, we have no reason to think that the medical staff made biased decisions that affected the outcome of the study.
Consistencies With Previous Studies
The effect of repeated doses of MV on morbidity had not been studied previously. A few studies assessed the effect of 2 versus 1 dose of MV on mortality rates. In our trial, the mortality rate was lower among children aged 9 to 36 months who had received 2 doses than among those who had received only 1 dose of MV, if they had not received NVAS [4] . A beneficial effect on mortality rates of receiving a booster MV dose was also found in a study from Guinea-Bissau in the early 1980s when the first MVs were given in campaigns. Children who received 2 doses of MV before and after 9 months had a 59% (95% CI, 15%-81%) lower mortality rate between 9 and 59 months of age than children who received only 1 dose after 9 months [16] . After a national MV campaign in Guinea-Bissau in 2006, children who had received a routine MV and a campaign MV had a 41% (95% CI, 1%-64%) lower mortality rate than children who had received only the routine MV in the 2 preceding years [17] .
MV (versus no MV) was shown previously to protect against hospital admissions. In a study from Guinea-Bissau, the risk of hospital admission among children aged 9 to 17 months who presented for outpatient consultation was assessed according to the most recently received vaccine. The HR of hospital admission was 0.72 (95% CI, 0.63-0.86) for children who had received MV after DTP as their most recent vaccine, compared with children who had DTP as the most recent vaccine [18] . Hence, MV might lower the severity of infections and therefore reduce the risk of hospital admission. Using national registry data from Denmark, vaccination against measles, mumps, and rubella (MMR) after receiving a DTP-containing vaccine was associated with an admission ratio of 0.86 (95% CI, 0.84-0.88) compared with receiving the DTP-containing vaccine as the most recent vaccine [19] . The effect was particularly strong for lower respiratory infection (admission ratio, 0.80 [95% CI, 0.79-0.84]), and MMR vaccination was also associated with lower admission rates for respiratory syncytial virus infection [20] . Hence, in both high-and low-income countries, measlescontaining vaccines might reduce the number of hospital admissions for respiratory syncytial virus and other respiratory infections. For children from 4.5 to 9 months of age, receiving an early MV (versus no MV) was associated with a lower risk of hospital admission for children who had not received NVAS [6] . This pattern was seen also when follow-up was extended to 18 months of age after all children had received the 9-month MV. Hence comparing 2 doses versus 1 dose of MV. Although the results of previous studies suggest that the beneficial effect of MV (compared with no MV) is particularly strong for lower respiratory infection, when the control group had received MV [6, 19, 20] , no clear indication that the benefit of a booster dose was linked to a specific disease group was found.
Interpretation
The most important aspect of this study is that an additional dose of MV might provide additional beneficial NSEs that protect against hospital admission. If the beneficial NSEs were a result of specific effects, we should have found little difference in admission patterns between the 2 groups after the 9-month vaccination, because both groups had received MV, and 1 dose normally offers sufficient protection against severe measles leading to admission [21] . Furthermore, excluding the period of the measles epidemic should have weakened the difference between the randomization groups, but such was not the case. Thus, results of this study suggest that an extra dose of MV boosts beneficial NSEs. We have also found beneficial boosting effects of other live vaccines [3, 22] . Such boosting effects were not taken into consideration when planning current vaccination policies. Because the most recent trials of NVAS found few or no beneficial effects of NVAS [23] [24] [25] [26] , NVAS is unlikely to become general policy. Therefore, our estimates for the group who did not receive NVAS will represent the expected effect of an additional dose of MV.
The mechanism behind the observed nonspecific benefits of an additional dose of MV is unknown. We previously showed that providing MV in the presence of maternal measles-specific antibodies results in lower attained antibody levels but, at the same time, stronger beneficial NSEs [27] . We speculate that the mechanism could be based on antibody-antigen complexes that enhance T-cell responses or produce broader responses with more cross-reactivity [27] . Given that VAS is a potent immune stimulator that can cause epigenetic alterations [28] , the effect might differ according to NVAS status.
The WHO recommends 2 doses of MV. The first dose should be given as soon as possible after the loss of protection by maternal antibodies, and the second dose could be given at a specific age or through mass campaigns targeted at defined age groups. In countries with ongoing measles transmission and where the risk of death as a result of measles is high, the WHO recommends the first MV dose at 9 months and a second dose in the second year of life [2] . However, with beneficial NSEs leading to a lower mortality rate and less severe morbidity, an earlier dose of MV and a booster dose at 9 months of age might be preferable. Furthermore, several studies [29] [30] [31] [32] found that maternal antibodies wane well before a child is 9 months old; hence, it might be appropriate to recommend the MV before 9 months of age also for optimal measles protection.
CONCLUSION AND PERSPECTIVES
The results of our study suggest that a 2-dose schedule with an early MV at 4.5 months of age followed by a booster MV at 9 months of age can reduce the number of hospital admissions in low-income countries such as Guinea-Bissau. A 2-dose MV regime prevents early measles infection [21] , reduces hospital admissions [6] , and improves child survival [4] as results of a combination of the specific and nonspecific beneficial effects of MV.
